I. INTRODUCTION
S an excellent power device material, GaN has a wide band gap, a large critical breakdown voltage, and an excellent thermal conductivity. These properties enable GaN devices to be used at extreme high power densities [1] . Making Source/Drain (S/D) Ohmic contacts and enhancement-mode (E-mode) device operation with a threshold voltage Vth > 3 V are among the biggest challenges for AlGaN/GaN based highelectron-mobility transistors (HEMTs) [2] .
Ohmic contacts are fundamental building blocks of power devices [3] . As Ohmic contacts link the devices to external circuitry, their resistance needs to be negligible with respect to that of the channel, in order to minimize the device specific onresistance (Ron) and, hence, the power losses of the system. Gold (Au)-based S/D contacts are commonly used with good performance. However, Au is not a CMOS compatible metal, as it is a fast-diffusing contaminant in Si that deteriorates the minority carrier lifetime [4] . Therefore, GaN metallization Xin-Peng Lin, Yumeng Zhu, Yongle Qi, Guangnan Zhou, Wenmao Li,Yang Jiang, Jian Zhang, Robert Sokolovskj, Mengyuan Hua, Lingli Jiang and schemes need to be Au-free to integrate with Si-based CMOS. In addition, Au-free CMOS compatible Ohmic contacts can greatly reduce the production cost. Studies on CMOS compatible Ohmic contacts to n-type GaN have been focused on metals with a low work function, such as Ti (4.33 eV [5] ) or Al (4.28 eV [5] ). However, the use of these metals requires recessing process in S/D areas before contact metal deposition which is hard to control [5] , or else 1 Ohm-mm contact resistance is hard to be obtained.
In the first part of this paper, we report the use of lanthanum (La), which is a CMOS compatible metal with a much lower work function (3.5 eV [5] ), in n-GaN HEMT S/D Ohmic contacts. The La-based contacts achieved around 0.97 Ohmmm without recessing the S/D areas. In the second part of this paper, we will discuss the mechanisms of the La-based low RC contacts. Some difference exists in the mechanisms compared to conventional Ti/Al-based contacts, where Ti forms a TiN alloy with N in GaN after annealing [6] .
II. LA-BASED SOURCE/DRAIN OHMIC CONTACT

A. Fabrication Process La-based Ohmic Contact
HEMTs and contact structures in this work have A temperature dependent test from 25, 75 to 150 °C, was carried out to test the reliability of the La-based Ohmic contacts. Figure 3(a) and (b) show the thermal reliability testing results of three La-based Ohmic contacts in the temperature range from 25 to 150 °C. RC is plotted as a function of the temperature and time, respectively. From 25 (RT) to 150 °C, the RC value increased by 9.25% to 28.21% for three groups of devices. However, during the prolonged heating at 150 °C up to 3600 s, RC increased by 7.36% to 15.65% compared with RT. This may be related the La diffusion and segregation to the surface and the corresponding morphology change shown in Figure 5 (a) and 6. Figure 4 shows the IDS-VDS characteristics of the fabricated GaN transistors with (a) La-based and (b) Au-based Ohmic S/D, respectively. The obtained specific on-state resistances are 27 Ω·mm and 26 Ω·mm, respectively. The turn-on resistance of the two devices is similar but relatively large. This might be explained by 1) the devices are not passivated, resulting in a large surface state that suppresses the concentration of 2DEG; 2) the Ohmic contact resistance of 1 Ω·mm is still relatively large; and 3) Au-based Schottky gates [7] .
B. Electrical and Material Characterizations
C. Mechanisms of Low RC Achieved with La/Ti/Al/Ti
Energy dispersive X-ray spectroscopy (EDX) within a transmission electron microscope (TEM, FET Talos Model) was also used to characterize La-based (La/Ti/Al/Ti) contacts. In the TEM image in Figure 5 (a), La is in cyan. At the La/AlGaN interface, a uniform La-rich layer can be seen. Near the top of the metal stacks, spherical-shaped high La regions (LaTiAl as indicated in Figure 6 ) can also be observed, which suggests that La diffuses to the surface and segregates there. These spheres are likely responsible for the wavy metal surface after the annealing ( Figure 6 ).
It can be seen from EDX diagram in Figure 5 (b) that after annealing at 830 °C 60s, La diffuses into the AlGaN layer, and the overlap of La and Al peaks is significantly increased compared with that before the annealing, Figure 5 (b) . On the one hand, La's low work function (3.5 eV) is beneficial for reducing the barrier between the metals and GaN, as seen in Figure 7 . On the other hand, a new LaAl layer formed at the metal-to-semiconductor interface after annealing, as evidenced by the HAADF TEM image seen Figure 6 . The phenomenon that La diffuses into the AlGaN layer contributes to the formation of Ohmic contacts. This is similar to conventional Ti/Al/X/Au contacts, where Ti and N peaks overlap.
III. CONCLUSION
In summary, La-based Ohmic contacts with non-recess process have been first made on AlGaN/GaN heteroepitaxy structures and in HEMTs. A contact resistance of 0.97 Ω.mm was achieved by the La-based metal contacts. RC's temperature dependence and reliability measurements were performed and discussed. TEM results reveal the mechanisms of the Ohmic contact formation, which combines the low work function and the new LaAl interfacial layer formation. This work demonstrates the effectiveness of La metal in the fabrication of CMOS-compatible GaN HEMTs.
